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HIGHLIGHTS 


•  Phosphorus  (P)-doped  rGO  was  synthesized  with  two  bonding  states  of  P-C  and  P-0. 

•  For  the  first  time,  P-doped  rGO  is  employed  as  the  counter  electrode  (CE)  in  DSSC. 

•  P  doping  can  effectively  enhance  the  electrocatalytic  activity  of  rGO. 

•  P— C  structures  have  higher  electrocatalytic  activity  than  P—0  ones. 

•  P-doped  rGO  shows  comparable  electrocatalytic  activity  to  Pt  as  CE. 
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In  this  study,  phosphorus  (P)  atoms  were  doped  into  reduced  graphene  oxide  (rGO)  with  two  bonding 
states  of  P— C  and  P—0  by  using  annealing  treatment.  For  the  first  time,  the  P-doped  rGO  (PrGO)  was 
employed  as  the  counter  electrode  (CE)  for  dye-sensitized  solar  cell  (DSSC).  The  electrochemical  studies 
reveal  that  the  P  doping  can  effectively  enhance  the  electrocatalytic  activity  of  rGO,  and  P-C  structures 
have  higher  electrocatalytic  activity  than  P-0  ones  for  I-/ IT  redox  reaction.  More  significantly,  PrGO 
shows  comparable  electrocatalytic  ability  to  Pt  as  CEs.  It  therefore  seems  promising  for  PrGO  to  be  widely 
used  in  metal-free  DSSCs  with  low  cost  and  high  efficiency. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Due  to  the  low  cost,  simple  fabrication  process  and  reasonable 
conversion  efficiency,  dye-sensitized  solar  cells  (DSSCs)  have 
received  much  attention  [1—4].  A  typical  DSSC  consists  of  three 
components:  a  dye-sensitized  Ti02  photoanode,  an  P/I3  electrolyte 
and  a  counter  electrode  (CE).  Commonly,  Pt  films  on  the  conductive 
glass  were  employed  as  CE  materials,  which  have  high  electrical 
conductivity  and  electrocatalytic  ability  for  P/I3  redox  reaction  [1  — 
4].  However,  due  to  the  high  cost  of  Pt,  it  is  significant  to  develop 
cheap  CE  materials  for  DSSCs  with  high  conversion  efficiencies. 

So  far,  various  carbonaceous  materials,  conductive  polymers  and 
inorganic  compounds  have  been  proposed  as  cheap  CE  materials 
for  DSSCs  [5-9].  Among  them,  reduced  graphene  oxide  (rGO),  one 
kind  of  carbonaceous  materials,  has  attracted  considerable  atten¬ 
tion  due  to  its  remarkable  electrical,  optical,  and  mechanical 
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properties  as  well  as  its  extraordinarily  high  surface  area  [10-12]. 
Several  groups  have  reported  that  the  DSSCs  employing  rGO  CEs 
have  high  conversion  efficiencies  [3,4,12,13  .  Thus,  it  is  significant  to 
investigate  the  electrochemical  properties  of  rGO  and  further 
enhance  its  electrocatalytic  activity  for  P/I3  redox  reaction. 

Recently,  many  reports  have  demonstrated  that  heteroatom 
doping  can  effectively  modulate  the  electron  structure  and  improve 
the  electrochemical  properties  of  rGO.  For  example,  nitrogen  (N), 
boron  (B)  and  sulfur  (S)  atoms  doped  into  graphene  can  enhance 
the  electrical  conductivity  and  electrocatalytic  activity  of  rGO, 
which  can  be  used  as  electrode  materials  of  supercapacitors  [14- 
16],  Li-ions  batteries  [17,18],  fuel  cells  (oxygen  reduction  reaction) 
[19-22]  and  DSSCs  [23-26]  with  high  performances.  Most 
recently,  phosphorus-doped  rGO  (PrGO)  was  synthesized  and 
further  used  as  electrode  materials  for  supercapacitors  [27],  fuel 
cells  [28,29]  and  Li-ions  batteries  [29].  However,  to  the  best  of  our 
knowledge,  the  application  of  PrGO  as  metal-free  CEs  in  DSSCs  has 
not  been  explored. 

In  this  study,  PrGO  was  synthesized  by  annealing  a  mixture  of 
graphene  oxide  (GO)  and  triphenylphosphine,  which  were 
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employed  as  the  carbon  and  phosphorus  (P)  sources,  respectively. 
For  the  first  time,  the  PrGO  was  used  as  the  CE  for  DSSC.  It  shows 
remarkable  catalytic  activity,  which  can  be  comparable  to  the  Pt  CE. 
We  have  systematically  investigated  the  electrocatalytic  mecha¬ 
nism  of  PrGO  for  r/Ef  redox  reaction.  The  studies  reveal  that  P 
doping  can  effectively  enhance  the  catalytic  activity  of  rGO,  and  the 
P-C  structures  have  higher  catalytic  activity  than  P-0  ones. 

2.  Experimental 

2.1.  Synthesis  of  PrGO 

GO  was  synthesized  from  flake  graphite  (Qingdao  Tianhe 
Graphite  Co.  Ltd.,  Qingdao,  China)  by  a  modified  Hummers  method 
[30].  To  synthesize  PrGO,  1  g  GO  and  1  g  triphenylphosphine  were 
first  ultrasonically  dispersed  in  ethanol  for  30  min,  and  then  spread 
onto  an  evaporating  dish  and  dried,  forming  a  uniform  solid 
mixture.  And  then,  the  mixture  was  placed  into  a  quartz  tube  and 
annealed  at  600-1000  °C  for  30  min  with  argon  and  hydrogen.  The 
flux  of  argon  and  hydrogen  were  both  500  seem.  Finally,  the  PrGO 
was  obtained  by  collecting  and  washing  several  times.  For  com¬ 
parison,  the  undoped  rGO  was  synthesized  by  the  same  procedure 
except  that  the  triphenylphosphine  (P  source)  was  absent.  The  as- 
synthesized  PrGO  and  rGO  samples  are  denoted  as  PrGOX  and 
rGOX,  respectively,  where  X  represents  the  annealing  temperature 
(°C). 

2.2.  Fabrication  of  PrGO  and  rGO  CEs 

The  PrGO  (or  rGO)  CE  was  fabricated  as  follows.  First,  90  wt% 
PrGO  (or  rGO)  and  10  wt%  polyvinylidene  fluoride  (PVDF)  were 
dispersed  in  N-Methyl-2-pyrrolidone  (NMP)  by  using  an  ultrasonic 
horn,  and  then  a  layer  of  paste  was  coated  on  fluorine-doped  tin 
oxide  glass  plates.  The  CEs  were  heated  in  vacuum  at  120  °C 
overnight.  The  size  of  CE  was  1  cm2.  For  comparison,  100  nm  Pt  film 
sputtered  on  FTO  was  employed  as  the  Pt  CE. 

2.3.  Fabrication  ofDSSCs 

The  DSSC  was  made  of  a  photoanode,  a  CE  and  a  DHS-E23 
electrolyte  solution.  The  Ti02  photoanode,  N719  and  DHS-E23 


were  purchased  from  Co.  Ltd.  Dalian  Heptachroma  SolarTech.  The 
Ti02  photoanode  was  sensitized  by  immersing  into  an  ethanol  so¬ 
lution  containing  the  0.5  mM  N719  dye  solution  for  12  h.  The  area  of 
Ti02  photoanode  was  0.36  cm2. 

2.4.  Characterization 

The  transmission  electron  microscopy  (TEM)  and  scanning 
transmission  electron  microscopy  (STEM)  images  were  taken  with 
an  FEI  Tecnai  G2  microscope.  XPS  was  performed  on  a  Kratos 
XSAM800  using  Al  Ka  radiation  (144  W,  12  mA,  12  kV).  The 
photocurrent  density-voltage  characteristics  of  DSSCs  were 
measured  using  a  Keithley-2000  and  Yokogawa-7651  source  me¬ 
ters  under  the  excitation  of  100  mW  cm-2  AM  1.5  white  light  from  a 
solar  simulator  (XQ350W,  Shanghai  Lansheng  Electronic  Co.,  Ltd). 
Cyclic  voltammetry  (CV)  measurements  were  conducted,  in  which 
an  as-prepared  CE  was  taken  as  the  working  electrode  in  the  two- 
electrode  one-compartment  cell  and  the  Pt  sheet  was  simulta¬ 
neously  served  as  both  the  reference  electrode  and  counter  elec¬ 
trode  in  an  acetonitrile  solution  with  10  mM  Lil,  1  mM  I2,  and  0.1  M 
LiCICU.  The  electrochemical  impedance  spectroscopy  (EIS)  mea¬ 
surements  were  performed  in  the  frequency  range  of  0.1  Hz— 1  MHz 
in  a  two-electrode  system  on  an  electrochemical  workstation 
(CHI660D,  Chenhua  Instruments  Co.,  Shanghai). 

3.  Results  and  discussions 

Fig.  1(a)  shows  a  typical  TEM  image  of  PrGO900.  The  image  re¬ 
veals  transparent  graphene  sheets  with  wrinkle  and  fold  features, 
which  may  originate  from  defective  structures  formed  during  the  P 
doping  and  reduction  process  of  GO.  The  corresponding  EDX 
spectrum  (Fig.  1(b))  confirms  the  presence  of  P  atoms  in  PrG0900 
(The  Si  peak  in  Fig.  1(b)  originates  from  the  Si  (Li)  detectors). 
Fig.  1(c)— (e)  represent  the  STEM  elemental  mappings  of  PrGO900. 
The  similar  C  and  P  mappings  reveal  that  the  doped  P  atoms  are 
homogenously  distributed  in  the  plane  of  graphene. 

In  order  to  further  confirm  the  P  doing  and  investigate  the 
bonding  configurations  of  P  atoms  in  PrGO,  the  XPS  measurements 
were  performed  at  room  temperature.  As  shown  in  Fig.  2(a),  the  P 
peak  appears  and  the  intensity  of  O  peak  decreases  in  the  XPS 
spectrum  of  PrGO900  compared  to  GO.  It  indicates  that  the  P  atoms 


Fig.  1.  (a-c)  TEM  image,  EDX  spectrum  and  STEM  image  of  PrGO900,  respectively,  (d)  C-  and  (e)  P-elemental  mapping  of  orange  square  region  in  (c).  The  scale  bars  in  (a)  and  (c)  are 
both  100  nm. 
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Fig.  2.  (a)  XPS  spectra  of  GO  and  PrGO900.  High  resolution  (b)  P2p  and  (c)  Cls  XPS  spectrum  of  PrGO900.  (d)  Schematic  structure  of  PrGO. 


are  incorporated  into  rGO  and  the  large  amounts  of  oxygen- 
functional  groups  (C-0  bonds,  carbonyls  or  carboxylates)  on  GO 
are  removed  during  the  annealing  treatment.  It  is  noted  that  pos¬ 
sibility  of  physical  adsorption  of  P  onto  the  samples  is  excluded  by 
the  flowing  reason.  The  samples  were  ultrasonically  dispersed  in 
various  solvents  like  ethanol,  acetone,  ether  and  H2O;  the  XPS  re¬ 
sults  reveal  no  change  in  the  P  level  before  and  after  sonication 
(XPS  data  not  shown). 

Fig.  2(b)  is  the  high  resolution  P2p  XPS  spectrum  of  PrGO900. 
The  P2p  peak  can  be  deconvoluted  into  two  peaks  at  binding  en¬ 
ergies  of  — 131.2  and  ~  133.4  eV,  which  correspond  to  the  P— C  and 
P-0  energy  positions,  respectively  [28,29,31].  Fig.  2(c)  shows  the 
high  resolution  Cls  spectrum  of  PrG0900.  The  Cls  peak  can  be 
deconvoluted  into  four  peaks  at  binding  energies  of  ~  284.7, 
~  285.8,  ~  287.5  and  ~  289.9  eV,  which  correspond  to  C-C,  C-O, 
C=0(C— P)  and  0-C=0,  respectively.  Note  that  the  peak  of  C=0  is 
overlaid  with  C— P,  which  is  similar  with  the  overlay  of  C=0  and  C— 
N  peaks  in  N-doped  rGO  [32  .  In  addition,  the  P/C  ratio  (P-C  and  P— 
O)  of  PrGO900  is  1.27  at%,  which  is  comparable  to  previous  reports 
[28,29]. 

In  order  to  investigate  the  P  doping  and  GO  reduction  mecha¬ 
nisms,  we  have  studied  the  influence  of  annealing  temperature  on 
the  elemental  composition  of  PrGO  by  XPS  analysis.  The  high  res¬ 
olution  P2p  XPS  spectra  of  PrGO  synthesized  at  different  annealing 
temperature  were  shown  in  Fig.  SI  (see  Supplementary  materials). 
When  the  annealing  temperature  is  600  °C,  there  is  only  one  peak 
corresponding  to  P-0  bond.  When  the  annealing  temperature  is 
larger  than  600  °C,  a  new  peak,  corresponding  to  P-C  bond, 
appears. 

Fig.  3(a)  shows  the  P/C  ratio  in  PrGO  synthesized  at  different 
annealing  temperature.  The  total  P/C  ratio  is  1.07,  1.10,  1.27  and 


1.08  at%  for  PrGO600,  PrG0800,  PrGO900  and  PrGOlOOO,  respec¬ 
tively.  When  the  annealing  temperature  increases  from  600  to 
1000  °C,  the  P-O/C  ratio  decreases  from  1.07  to  0.47  at%,  while  the 
P-C/C  ratio  increases  from  0  to  0.61  at%.  When  the  annealing 
temperature  is  900  °C,  the  total  P/C  ratio  reaches  a  maximum  value 
of  1.27  at%.  The  above  data  shows  that  P— C  bonds  can  be  easier 
formed  than  P-0  bonds  at  higher  annealing  temperature.  It  is 
attributed  that  P-0  bonds  are  not  thermally  stable  at  higher 
annealing  temperature,  which  is  similar  with  previous  report  for 
the  breakage  of  N-0  bonds  in  N-doped  graphene  caused  by  over¬ 
heating  [33,34]. 

For  further  investigating  the  effect  of  P  doping  on  the  degree 
reduction  of  GO,  we  have  studied  the  O/C  ratio  of  PrGO  and  rGO 
synthesized  at  different  annealing  temperature,  as  shown  in 
Fig.  3(b).  The  O/C  ratio  of  PrGO  is  obviously  smaller  than  rGO  at  the 
same  annealing  temperature.  It  therefore  seems  that  the  P  doping 
preferably  occurs  at  the  sites  of  oxygen  functional  groups  in  GO, 
thus  affording  a  more  effective  reduction  of  GO.  This  phenomenon 
is  similar  to  the  case  of  N  and  S  doping  and  reduction  of  GO  [33- 
35]. 

To  investigate  the  influence  of  P  doping  on  the  electrocatalytic 
properties  of  rGO,  we  have  comparatively  studied  the  photovoltaic 
performance  of  DSSCs  employing  rGO,  PrGO  and  Pt  as  CE  materials. 
To  avoid  the  test  error,  8  different  samples  for  each  type  CE  material 
were  fabricated  and  measured.  Fig.  4(a)  shows  the  typical  photo¬ 
current  density  vs  voltage  characteristics  of  DSSCs  employing 
rGO600,  rGO800,  rGO900  and  rGOlOOO  CEs.  As  shown  in  Fig.  4(c), 
the  conversion  efficiencies  of  these  DSSCs  increase  from  —  3.49%  to 
-4.18%  with  increasing  the  annealing  temperature  from  600  to 
1000  °C.  The  possible  reason  is  that  when  the  annealing  tempera¬ 
ture  increases,  oxygen-functional  groups  are  removed,  which 
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Fig.  3.  The  investigations  of  elemental  compositions  of  PrGO  and  rGO  synthesized  at  different  annealing  temperature  by  XPS  analysis,  (a)  P  and  (b)  0  content  as  a  function  of 
annealing  temperature. 


simultaneously  producing  more  topological  defects  with  high 
electrocatalytic  activity  [36-38]. 

Fig.  4(b)  shows  the  photovoltaic  properties  of  DSSCs  employing 
Pt,  PrG0600,  PrGO800,  PrGO900  and  PrGOIOOO  CEs.  From  Figs.  4(c) 
and  3(a),  we  can  get  following  conclusions:  (1)  the  DSSCs 
employing  PrGO  CEs  (4.98%-6.04%)  have  higher  conversion  effi¬ 
ciencies  than  those  employing  rGO  CEs  (3.49%— 4.18%),  which  in¬ 
dicates  that  the  P  doping  can  effective  enhance  the  electrocatalytic 
activity  of  rGO.  (2)  Compared  PrGO600  (P-O/C:  1.07  at%)  with 
PrGOIOOO  (P-O/C:  0.47  at%,  P-C/C:  0.61  at%),  the  higher  conver¬ 
sion  efficiency  for  PrGOIOOO  CE  means  that  the  P-C  structures  have 
higher  electrocatalytic  activity  than  P-0  ones.  (3)  For  the  P-C  or 
P-0  structures,  the  electrocatalytic  activity  increases  with 
increasing  the  P  content,  which  results  in  the  increase  of  conversion 
efficiency.  (4)  When  the  total  P  content  reaches  the  maximum  value 
of  1.27  at%  (PrG0900),  the  corresponding  DSSC  has  the  highest 
conversion  efficiency  ( -  6.04%),  which  is  90%  of  that  employing  Pt 
CE  (-6.80%).  It  shows  that  the  PrG0900  can  be  used  as  the 
promising  CE  material  for  DSSCs  with  low  cost  and  high  efficiency. 

In  order  to  further  understand  the  reaction  kinetics  and  elec¬ 
trocatalytic  properties  of  PrGO,  CV  measurements  were  performed. 
Fig.  5(a)  shows  the  typical  CV  curves  of  rG0900,  PrG0900  and  Pt 
CEs  at  the  scan  rate  of  10  mV  s-1.  It  can  be  obviously  observed  one 
pair  of  reduction  and  oxidation  peaks  in  all  curves,  which  are 
attributed  to  the  reduction  reaction  (Ij  +  2e-  ->3I-)  and  oxidation 
reaction  (3I-^lT  +  2e_),  respectively  [23,24,26].  The  higher 
reduction  current  density  corresponds  to  the  faster  rate  for  I3 
reduction  [23].  Compared  Fig.  5(b)  with  Fig.  4(c),  we  find  that  the 


variation  of  reduction  current  density  is  consistent  with  conversion 
efficiency.  (1)  PrGO  CEs  have  higher  reduction  current  densities 
(1.15-1.64  mA  cm-2)  than  rGO  CEs  (0.53-1.02  mA  cm-2).  It  means 
that  the  P  doping  can  effectively  increase  the  rate  of  I3  reduction, 
which  corresponds  to  the  enhancement  of  electrocatalytic  activity. 
(2)  PrGOIOOO  CE  (1.44  mA  cm-2)  has  higher  reduction  current 
density  than  PrGO600  CE  (1.15  mA  cm-2),  which  means  that  the  P— 
C  structures  have  higher  electrocatalytic  activity  than  P-0  ones.  (3) 
For  the  P-C  or  P-0  structures,  increasing  the  P  content  causes  the 
increase  of  reduction  current  density  of  PrGO  CE,  which  corre¬ 
sponds  to  the  increase  of  electrocatalytic  activity.  (4)  The  PrGO900 
CE  with  highest  P  content  has  the  highest  reduction  current  density 
( - 1.64  mA  cm-2),  which  is  -  92%  of  that  of  Pt  CE  ( - 1.78  mA  cm-2). 
It  means  that  the  PrGO  CE  has  a  comparable  electrocatalytic  ability 
to  Pt  CE. 

In  order  to  further  confirm  the  studies  on  the  electrocatalytic 
properties  of  PrGO,  EIS  measurements  were  conducted.  Fig.  6(a) 
shows  the  typical  EIS  spectra  of  Pt,  rGO900,  PrGO900  CEs,  and  the 
equivalent  circuit  model  used  for  fitting  the  resultant  impedance 
spectra  is  illustrated  in  the  inset  of  Fig.  6(a).  Rct  is  the  charge- 
transfer  resistance  at  the  CE/electrolyte  interface  for  IT  reduction. 
The  lower  Rct  corresponds  to  the  higher  electrocatalytic  activity, 
which  is  due  to  the  less  overpotential  required  for  the  electron 
transferring  from  the  CE  to  the  electrolyte  [23].  By  comparing 
Fig.  6(b)  with  Fig.  5(b)  (or  Fig.  4(c)),  we  can  find  that  the  variation  of 
Rct  is  consistent  with  reduction  current  density  (or  conversion  ef¬ 
ficiency).  For  example,  the  Rct  values  of  PrGO  CEs  (3.28-4.39  Q  cm2) 
are  lower  than  those  of  rGO  CEs  (6.98-13.01  Q  cm2);  the  PrGOIOOO 


Fig.  4.  (a)  Typical  photocurrent  density-voltage  characteristics  of  DSSCs  employing  rGO600,  rGO800,  rGO900  and  rGOlOOO  CEs.  (b)  Typical  photocurrent  density-voltage  char¬ 
acteristics  of  DSSCs  employing  Pt,  PrGO600,  PrGO800,  PrGO900  and  PrGOIOOO  CEs.  (c)  Conversion  efficiency  of  DSSCs  employing  different  CEs,  and  the  values  are  mean  and 
standard  deviation  (error  bars)  for  8  different  samples. 
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Fig.  5.  (a)  Typical  CV  curves  of  Pt,  rGO900  and  PrG0900  CEs  at  the  scan  rate  of  10  mV  s  1  in  an  acetonitrile  solution  with  10  mM  Lil,  1  mM  I2  and  0.1  M  LiC104.  (b)  Reduction  peak 
current  density  of  different  CEs,  and  the  values  are  mean  and  standard  deviation  (error  bars)  for  8  different  samples. 


Fig.  6.  (a)  Typical  EIS  spectra  of  the  dummy  cell  fabricated  with  two  identical  CEs.  The  inset  is  the  equivalent  circuit  model  for  r/Ij  reaction.  Rs\  ohmic  serial  resistance;  Rct:  charge- 
transfer  resistance  at  the  CE/electrolyte  interface;  C:  double  layer  capacitance;  Zw:  diffusion  impedance,  (b)  Rct  of  different  CEs,  and  the  values  are  mean  and  standard  deviation 
(error  bars)  for  8  different  samples. 


CE  (3.57  Q  cm2)  has  lower  Rct  than  PrGO600  CE  (4.39  Q  cm2);  the 
PrGO900  CE  has  the  lowest  value  of  Rct  (3.28  Q  cm2),  which  is  even 
lower  than  that  of  Pt  CE  (3.51  Q  cm2).  Thus,  the  photovoltaic,  CV  and 
EIS  results  all  indicate  that  the  P  doping  can  effectively  enhance  the 
electrocatalytic  ability  of  rGO  for  IT  reduction,  and  P-C  structures 
have  higher  electrocatalytic  activity  than  P-0  ones.  More  signifi¬ 
cantly,  PrGO  CEs  have  shown  promising  potential  for  DSSCs  with 
low  cost  and  high  efficiency. 

Furthermore,  the  effect  mechanism  of  P  doping  on  the  electro¬ 
catalytic  properties  of  rGO  was  discussed.  Based  on  the  previous 
studies  on  the  electrocatalytic  mechanism  of  N-doped  rGO,  the 
enhancing  electrocatalytic  activity  of  rGO  caused  by  P  doping  may 
be  attributed  to  the  following  three  reasons.  (1)  The  electronega¬ 
tivity  of  P  atom  is  2.1,  which  is  smaller  than  that  of  carbon  atom 
(2.5).  Thus,  the  compensating  positive  charge  is  distributed  on  the 
doped  P  atom,  which  can  readily  attract  IT  ion  and  electrons  from 
the  anode,  thus  promoting  the  IT  reduction  [39,40].  (2)  The 
conjugation  effect  of  the  lone  pair  electrons  on  the  P  atoms  and 
graphene  rr-system  may  reduce  the  barrier  for  IT  reduction,  which 
is  similar  with  the  enhancing  ORR  activity  of  N-doped  rGO  caused 
by  N  doping  [41-43].  (3)  The  doped  P  atoms  (P-C  or  P-O)  are 
usually  located  at  edge  or  defects  sites,  which  are  chemically  active 
themselves  [21,44-47  .  However,  the  more  exact  mechanism  need 
to  be  further  studied  in  future.  In  addition,  for  the  P— C  and  P-0 
structures,  the  lower  electrocatalytic  activity  for  P-0  structures 
may  be  attributed  that  the  O  atoms  weakens  the  interaction  effect 
of  P  and  carbon  atoms  in  PrGO. 


4.  Conclusions 

In  summary,  we  have  synthesized  PrGO  by  using  annealing 
treatment,  in  which  GO  and  triphenylphosphine  were  employed  as 
the  carbon  and  P  sources,  respectively.  The  TEM  and  XPS  studies 
show  that  the  P  atoms  are  incorporated  into  rGO  with  two  bonding 
states  of  P-C  and  P-O,  and  the  P  doping  can  effectively  facilitate 
the  GO  reduction.  Furthermore,  we  have  employed  PrGO  as  CE 
materials  for  DSSCs  and  investigated  the  electrocatalytic  properties 
of  PrGO  CE.  The  photovoltaic,  CV  and  EIS  studies  all  reveal  that  PrGO 
CE  has  high  electrocatalytic  activity  and  the  P  doping  can  effectively 
enhance  the  electrocatalytic  activity  of  rGO.  Further  studies  have 
demonstrated  that  P— C  structures  have  higher  electrocatalytic  ac¬ 
tivity  than  P—O  ones.  Finally,  the  highest  conversion  efficiency  of 
DSSC  employing  PrGO  CE  is  6.25%,  which  is  90%  of  that  employing 
Pt  CE.  It  means  that  PrGO  can  be  used  as  the  promising  CE  material 
for  DSSCs  with  low  cost  and  high  efficiency. 
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